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Introduction
The eld of electronic devices is fast approaching the realms of exible electronics with plastic substrates and developments in material components. However, within the sub-eld of optoelectronic devices, commercial transparent conductive materials still rely on indium and other metallic elements. Among the many alternatives explored such as graphene and carbon nanotubes, conductive polymers (CPs) possess certain attributes that may surpass other material pathways. The use of CPs allows more abundant atomic elements to be incorporated instead of rare species such as indium. The synthesis of CPs is not energy intensive, typically at low temperature in solution (<150 C), and their processing can be through low-cost solution processing techniques, key features for making these technologies economically viable. 1,2 Unfortunately, CPs have certain drawbacks that restrict their uptake commercially. Stability and low electrical conductivity are among the most limiting drawbacks when considering the commercialization of CPs. Researchers have therefore explored methods to improve these limiting properties. 3, 4 Within the CP eld, arguably the most applicable for commercialization as a transparent conductor is poly(3,4-ethylenedioxythiopene) (PEDOT). [5] [6] [7] PEDOT's popularity in opto-electronics is due to its relative stability in ambient conditions and its relatively high electrical conductivity in its oxidised form or doped form (compared to other CPs).
4,7 Doping takes place typically during the synthesis through an oxidizing agent of a certain strength and PEDOT chains become positively charged. Negatively charged counterions are thus necessary to stabilize and keep the material electroneutral. Typical molecular anions include poly(styrene sulfonate), para-toluene sulfonate and many others ( Fig. 1a and b) . While many factors affect the attributes of the PEDOT, the choice of counterions (both during synthesis and post-synthesis) is considered a major factor determining the properties of the resultant CP. 8 In certain synthesis techniques, such as chemical polymerization and vapour phase polymerization (VPP), the anions present in the oxidant employed to polymerise the monomers become the counterions of PEDOT. 2, 4 Therefore, the use of the oxidant iron(III) triuoromethane sulfonate (Fe(OTf) 3 ) (Fig. 1c) allows the polymerization to take place and results in the PEDOT:OTf.
9
The uorinated iron oxidant, Fe(OTf) 3 , has previously been employed for the polymerization of EDOT through a conventional chemical pathway resulting in improvements in electrical conductivity.
9,10 However, it was unclear what scale and appearance the PEDOT lms took on and if the lms are usable for CP applications such as replacement of indium tin oxide for transparent electrodes.
Herein we present VPP of EDOT using Fe(OTf) 3 as the oxidant species to create highly conductive thin lms in practical form. The VPP parameters are investigated to nd optimised conditions in terms of optical transparency and electrical conductivity. Pristine and acid treated PEDOT:OTf lms were investigated in order to observe the increase in conductivity. We then compare our optimized PEDOT:OTf lms to commercially available ITO and PEDOT:Tos lms.
Computational modelling is essential for a molecular understanding of conducting polymer characterization. Recently, some of the present authors reported molecular dynamics (MD) simulations of morphology and crystallization of doped PEDOT:Tos
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and doped PEDOT with different counterions, where their effect on the electronic, structural and morphological properties of the polymer has been studied. 12 In the present study the experimental characterization of PEDOT:OTf lms has been combined with the theoretical modelling of the material morphology and X-ray diffraction pattern. This made it possible to provide a theoretical understanding of the pristine and acid treated lms on the nanoscale, to determine the factors leading to the increase in conductivity, and to provide a theoretical explanation of the experimental Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) measurements.
Experimental
Iron(III) triuoromethanesulfonate (Fe(OTf) 3 ) was purchased from Alfa Aesar. 3,4-ethylenedioxythiophene (EDOT) and triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG, 5800 g mol À1 )
were purchased from Sigma Aldrich. All chemicals were used as received without further purication. PEDOT:OTf thin lms were synthesized similar to those reported previously. 4, 13 The oxidant solution components were varied in order to optimise the process with the general parameters of 3 wt% Fe(OTf) 3 , 20 wt% PEG-PPG-PEG dissolved in ethanol with a polymerization time of 30 minutes and polymerization temperature set to 60 C while one parameter (oxidant concentration, solvent, polymerization time or temperature) was altered. The role of the PEG-PPG-PEG copolymer has been investigated previously and can be found here.
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The oxidant solution was spin coated on glass substrates (with a gold electrode for electrical and thermoelectrical characterization) at 1500 rpm for 30 seconds. The oxidant coated substrates were placed on a 70 C hot plate for 30 seconds before being placed immediately in a VPP chamber and placed under vacuum with the monomer heated to 60 C. Aer 30 minutes the lms were removed and washed with ethanol and air dried with nitrogen before analysis. PEDOT:Tos lms were synthesized for comparison in a similar procedure to that mentioned above albeit with a different oxidant mixture. The PEDOT:Tos oxidant mixture consisted of 12 wt% iron(III) para-toluene sulfonate (Fe(Tos) 3 ) and 22 wt% PEG-PPG-PEG dissolved in ethanol.
Acid treatment consisted of soaking the lms for 10 minutes in 1 M H 2 SO 4 followed by heating at 100 C for 10 minutes.
Characterization
Conductivity measurements were achieved using gold electrodes in a four-probe conguration patterned onto glass substrates using thermal evaporation. The area between the inner electrodes was 1 Â 1 cm 2 . The sheet resistance (R s ) of the samples was measured using a source meter (Keithley 2400) in four-wire sense mode. The conductivity (s) was calculated using eqn (1):
where t is the sample thickness, s is the conductivity and R s is the sheet resistance. The lm thickness was measured using atomic force microscopy (AFM). AFM images were obtained in tapping mode using a Veeco Dimension 3100. The morphological images and thickness measurements were analyzed using Gwyddion and WSxM 4.0 soware. 15 Ultraviolet-visible (UV-Vis) absorption spectra were acquired (Lambda 900 spectrometer, PerkinElmer). The spectra were recorded between 350 and 1050 nm. Extinction coefficients were calculated using the Beer-Lambert law, eqn (2):
X-ray photoemission experiments were performed using a Scienta ESCA 200 spectrometer in an ultrahigh vacuum with a base pressure of 10 À10 mbar. The measurement chamber was equipped with a monochromatic Al Ka X-ray source providing photons with 1486.6 eV and the conditions were set so that the full width at half maximum of the clean Au 4f7/2 line was 0.65 eV. All spectra were measured at a photoelectron takeoff angle of 0 (normal emission).
The electrochemical setup consisted of a three electrode conguration with a Ag/AgCl (3 M KCl) reference electrode, a platinum mesh electrode as the counter electrode and pristine PEDOT/acid treated PEDOT as the working electrode. Cyclic voltammetry was performed in an aqueous solution of 1 M KCl as the electrolyte at room temperature with a computer controlled potentiostat (SP200, BioLogic) using 85% of Ohmic drop correction (determined by impedance measurements at 50 kHz and 20 mV amplitude prior to each voltammetry measurements).
Molecular dynamics simulations
The molecular dynamics (MD) simulations described in this work were performed using the LAMMPS soware package.
The parameters for PEDOT, OTf, HSO 4 À and ethanol were taken from the General AMBER Force Field (GAFF) 17 as implemented in the moltemplate code.
18 Water molecules were represented by the SPC/E model. 19 The Lennard-Jones (LJ) and coulombic interactions were cut off at 1.2 nm with a neighbor list updated at every step and a cut-off at 1.4 nm. The simulation setups correspond to two different systems: pristine and acid treated systems. The pristine setup corresponds to PEDOT:OTf where ethanol is the solvent. The acid treated setup corresponds to PEDOT:HSO 4 À where the solvent is water. These setups include 40 PEDOT chains with the oxidation levels corresponding to those measured by XPS as reported below: 25% and 32% for pristine and acid treated systems, respectively. We considered the chain length of PEDOT as 12 repeated monomer units. The chain length of PEDOT is not exactly known experimentally but is estimated to be in the range of 6-20 monomer units depending on the synthesis method employed. 20 Finally, we note that for a similar system, PEDOT:Tos, the simulated morphology was shown to be rather insensitive to the chain length.
11 Partial charges on each atom of PEDOT, OTf, HSO 4 À and ethanol molecules were calculated using rst-principles density-functional theory (DFT) functional WB97XD 21 with the 6-31+g(d) basis set 22 as implemented in Gaussian 09, revision E.01 2009. 23 The partial charge per atom was taken from the tting to electrostatic potential (ESP) population analysis 24 as implemented in Gaussian suite. The corresponding numbers of OTf and HSO 4 À to balance the charges of the system were considered in a proper proportion as measured by XPS.
In our simulations, we start from a diluted polymeric solution and remove the solvent in several steps until the X-ray pattern of the simulated systems coincides with the corresponding experimental GIWAXS pattern. This is due to the fact that the solvent content of the lms is not known and the X-ray diffraction is sensitive to the amount of solvent as demonstrated by the authors for similar PEDOT related systems.
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Therefore, the box is initially solvated with 6744 ethanol molecules and 19 844 water molecules for the pristine and acid treated systems, respectively. The system was then minimized and equilibrated by a 2 ns run of isobaric-isothermal npT using both a Nose-Hoover thermostat and barostat. 26 Then, a production run of 50 ns of a canonical nVT ensemble using the Nose-Hoover thermostat is performed. The time integration method of Verlet 27 is applied. Then, the solvent was consecutively removed in 8 steps: the solvent concentration was reduced, approximately, from 82% wt (initial solution) to 79 wt%, 76 wt%, 73 wt%, 65 wt%, 58 wt%, 48 wt%, 31 wt% and nally 0 wt% (i.e. a dry phase). The system was equilibrated in each step using an npT ensemble for a 10 ns run with both the Nose-Hoover barostat and thermostat with corresponding adjustment (decreasing) of its volume. Also, at each step, as a standard protocol, the simulations were performed until the potential energy of the system reached saturation. In all simulations, the temperature was kept close to the boiling point of the solvent: 69. 9 C and 100 C for ethanol and water, respectively. X-ray diffraction patterns were simulated as described by Coleman et al. 28 and implemented in LAMMPS suite.
GIWAXS
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) experiments were performed on the Dutch-Belgian Beamline (DUBBLE CRG), station BM26B, at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. 29 The wavelength of the X-rays, l, was 1.033Å while the sample-to-detector distance and the angle of incidence, a i , were set at 8.08 cm and 0. 15 , respectively. Details on data treatment, data corrections and scattering vector (q, q r , and q z ) denitions can be found elsewhere.
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Results and discussion
Synthesis of highly conductive PEDOT
Vapor phase polymerization is a synthetic route where a solution of the oxidant Fe(OTf) 3 and the copolymer PEG-PPG-PEG dissolved in an alcohol are spin-coated on an insulating substrate. The thin lm of the composite PEG-PPG-PEG/ Fe(OTf) 3 is then exposed to EDOT vapor for a certain time, temperature and pressure. Once the PEDOT:OTf lm is formed, the remaining iron salt, Fe(OTf) 2 and unreacted Fe(OTf) 3 are dissolved in the cleaning procedure. The composition of the oxidant solution is one of the key ingredient to optimize the electrical conductivity of the resulting PEDOT:OTf. In general, an increased oxidant concentration produces a thicker layer of CP in VPP due to more nucleation sites and the monomer having more oxidant available for the polymerization.
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However, no report has yet investigated the effect of the Fe(OTf) 3 concentration on the resulting optical and electrical properties of the CP. Many reports have stated that a slower polymerization rate in VPP provides the CP chains a suitable time in order to stack and orient themselves optimally, permitting favourable electrical properties. 5, 6, 8 Therefore, one may assume that a lower oxidant concentration may result in better electrical conductivity. Although if the polymerization becomes too slow the CP lm may not survive the washing step subsequent to the VPP step. Fig. 2a displays the electrical conductivity and absorption spectrum for various concentrations of oxidant in ethanol. As expected the larger the oxidant concentration, the thicker the lm as indicated by the absorbance (3 wt% ¼ 30.7 nm, a ¼ 0.088, 6 wt% ¼ 90.2 nm, a ¼ 0.14, 12 wt% ¼ 206.2 nm, a ¼ 0.32). The lowest concentration of 3 wt% Fe(OTf) 3 leads to the highest conductivity and lowest absorbance spectra in the visible region. With an acid treatment (1 M H 2 SO 4 , see the Experimental section for details), the conductivity of the 3 wt% sample is increased to 4471 S cm À1 with an absorbance below 0.2 (the absorbance spectra for the oxidant concentration and solvent variation of the acid treated lms are shown in Fig. SI1 and SI2 †), showing its potential as a transparent conductor material. Indeed, ITO has an electrical conductivity of 4000 S cm À1 and an absorbance of <0.1 at 550 nm in the visible region. 31, 32 The surface properties were also investigated (Fig. SI3 †) and a RMS roughness of 4.89 nm for the 3 wt% sample over a 3 Â 3 mm 2 area was obtained showing that the lm is smooth; which is a prerequisite for opto-electrical applications, thus avoiding short circuits between thin semiconducting lms upon deposition of the top electrode in light emitting diodes or solar cells.
The chemical nature of the solvent is another important parameter to control since it affects both the wettability of the oxidant solution on a substrate and the morphology of the PEG-PPG-PEG/Fe(OTf) 3 composite lm. A previous report 10 investigating Fe(OTf) 3 employed mixtures of ethanol and various other organic solvents such as THF, DMF, DMSO and NMP; however, the mixtures of these solvents with ethanol and the neat organic solvents either did not dissolve the oxidant or resulted in poor wettability. A separate report investigated the effect of various organic solvent additions to the Fe(Tos) 3 oxidant solution, but none outperformed the ethanol solution.
33 Alcohol based solvents have been used extensively in the VPP of EDOT 3, 4, 34, 35 and several of them were trialled for the best electrical and optical properties of PEDOT. Similar to the studies on PEDOT:Tos, we show that ethanol provides the highest electrical conductivity for PEDOT:Tof before (3250 AE 122 S cm À1 ) and aer acid treatment (4430 AE 168 S cm À1 ) (Fig. 2b) . The surface properties were acceptable for all solvents with only methanol producing a RMS roughness of above 5 nm (Fig. SI4 †) . The surface roughness of the glass substrates was measured to be an average of 3.1 nm (Fig. SI5 †) which would inuence the overall surface roughness. The surface roughness values for the PEDOT samples which still possess an acceptable value for organic electronics could be improved to make this material even more suitable as an electrode material. Interestingly, we see a correlation between the thickness of the lm, proportional to the absorbance in the spectrum, and the ebullition point of the alcohols (methanol: 65 C; ethanol: 78 C; butanol: 118 C;
hexanol: 157 C). This can be attributed to the presence of the remaining solvent trapped in the PEG-PPG-PEG/Fe(OTf) 3 lms. Therefore, during the polymerization, the monomer vapour does not react with as many oxidant molecules due to the presence of alcohol molecules still remaining in the oxidant lm. The use of the longest alcohol trialled, hexanol, resulted in a PEDOT lm of the lowest absorbance ( Fig. 2b) with an average thickness of 15.8 nm. This sample was not the most impressive in terms of electrical conductivity (2655 S cm À1 aer acid treatment compared to 4011 S cm À1 for ethanol) suggesting the importance of the removal of absorbed alcohol molecules prior to polymerization or the negative effect of the high boiling point solvent on the morphology of the oxidant lms. Both polymerization time and temperature were also investigated and the results can be seen in the ESI (Fig. SI6 and SI7 †) . From the electrical conductivity and general appearance of the PEDOT lms an optimal polymerization time of 10 minutes with a polymerization temperature of 30 C was set for all future experiments. This optimization is most likely a result of the polymerization progressing slowly enough to provide the growing polymer chains time to align and stack in an optimised orientation while still being able to endure the washing step. The use of vacuum was also shown to be of utmost importance with a dramatic reduction in electrical conductivity from 4000 S cm À1 to 1000 S cm À1 upon pressure increase to atmospheric pressure (Fig. SI8 †) . It is thought that the greater control of the water content under vacuum conditions is responsible for the high conductivity. The reproducibility of the optimised conditions is acceptable with only a minimal variation between samples (Fig. SI9 †) and between batches (AE225 S cm À1 maximum) (Fig. SI10 †) giving an electrical conductivity of approximately 4500 S cm À1 .
The optimized PEDOT:OTf has enormous potential as a transparent conductor with its high conductivity and high transparency within the visible spectrum. Comparing the new PEDOT:OTf shown in this report to other transparent electrode materials such as PEDOT:Tos and ITO coated glass substrates highlights the potential of the PEDOT:OTf. In terms of conductivity the PEDOT:OTf (4500 S cm À1 ) is superior to all the materials, even the commercial ITO substrate (4000 S cm À131,32 ) (the highest recorded ITO conductivity may be superior but not commercially available ITO). The optical spectra of the PEDO-T:OTf are only slightly lower than those of ITO across the measured region (Fig. 3b) and higher within the UV region. Fig. 3a shows the compared materials and their transparency over the Linkoping University logo. Absorbance and normalized absorbance to material thickness can be found in the ESI (Fig. SI11 †) .
Stability investigation
Throughout this report the properties of the PEDOT lms have been presented before and aer acid treatment. One question that has been foreseen is the stability of the lms aer the acid treatment. Acid treatments are thought to modify polymer chains which may lead to faster degradation under ambient conditions. Interestingly, the stability with regard to electrical stability under ambient conditions over time was good with only a small increase of resistance over 200 hours and the acid treated lms follow the same trend as that of the pristine lms (Fig. 4a) . Furthermore, aer a series of redox cycles the acid treated PEDOT:OTf and the pristine lm were equally stable over 1000 cycles (Fig. 4b ). There were also no observable changes in the morphology of the lms before and aer the acid treatment as seen in Fig. SI12 . † The optical properties were also examined over time and no degradation was observed over 150 hours in the ambient atmosphere. The acid treated lm has a lower absorption at 900 nm than the pristine lm and it is associated with an increase in the oxidation level upon acidic treatment, 36 suppressing any residual polarons, and building bipolaron networks.
7 (Fig. 4c) . Oxidation state X-ray photoelectron spectroscopy (XPS) provides a convenient method to study the chemical environment of polymeric samples in thin lm form. Within our system both the PEDOT and OTf molecules contain sulphur atoms in their chemical structure. However, the difference in binding energy allows the sulphur to be differentiated from the two molecules allowing the oxidation/doping level to be estimated from the S(2p) peaks within the XPS spectra. The S(2p) signal from one sulfur gives a doublet with a separation of 2 eV and an intensity ratio of 2 : 1; we will mention only the position of the main component of the doublet. The sulphur signal for PEDOT originates at 163.5 eV (Peak 1) with an asymmetric peak tail at higher binding energies corresponding to the positive charges present on the PEDOT chains which are partially delocalized on the sulphur atoms. 37 The main component of the second doublet at approximately 168 eV (Peak 3) corresponds to the Tof dopant molecule. The binding energy is higher than that of the sulfur in the thiophene ring because it is surrounded by three electronegative oxygen atoms on the sulfonate group. Note that the sulphur originating from the HSO 4 À anions inserted in the PEDOT lm, upon acid treatment by ion exchange with the OTf anion, is assumed to overlap with the S(2p) signal of the OTf anion (Fig. 5b) . The authors acknowledge that aer acid treatment the PEDOT is doped with HSO 4 À anions rather than OTf anions but will be referred to as acid treated PEDOT-OTf for simplicity. The HSO 4 À anions lose their negative charge while coordinating with the positively charged PEDOT chains. The acid anion has previously been shown to replace the OTf anion using this acid treatment. 10 Using this information the oxidation level was calculated to be 25% and 32% for the pristine and acid treated PEDOT:OTf samples, respectively. This is in agreement with the acid treatment of PEDOT:Tos accompanied by an ion exchange and an increase in the oxidation level.
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The XPS results on the increased oxidation level in the case of the acid-treated PEDOT lm partially justify the increased conductivity compared to the pristine PEDOT. However, the structure of the pristine and acid-treated lms should be also investigated in order to fully understand the origins of this increase in conductivity of the acid treated lm. Therefore, GIWAXS experiments have been carried out to analyse the structure of the pristine and acid treated PEDOT:OTf lms.
GIWAXS and molecular modelling
The (q r , q z ) wedge-corrected scattering images of the polymer lms are shown in Fig. SI13 , † while the corresponding 1D intensity vs. q scattering patterns are presented in (Fig. 6a) . Despite the limitations in accessing the q-range below 0.4Å À1 , a very intense diffraction peak is evident at q* ¼ 0.45Å À1 , followed by a lower one at 0.9Å À1 . The relative position of these peaks (q*, 2q*) and their decreasing intensity suggest that they belong to the same family of reections and that they correspond to an ordered lamellar structure. Following the interpretation by Aasmundtveit et al., 38 we assign these peaks to the (h00) family of reections of the PEDOT crystallites, the (h00) direction being perpendicular to the PEDOT backbone (c-axis) and along the EDOT plane direction. Therefore, the corresponding lattice size is a ¼ 2p/q* ¼ 2p/q 100 ¼ 14.0Å. This size corresponds to that reported by Aasmundtveit et al. 38 for the distance between PEDOT chains along the a direction and with the counterions in between as depicted in Fig. 6e and f. Besides the (h00) family, a broad peak is present at around q ¼ 1.77Å
À1 .
It can be associated with diffraction that arises from a disordered p-p stacking. Therefore, it is assigned to the 020 peak
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(q p-p in Fig. 6a ). Note that the intensity of both the (100) and (020) peaks is higher in the case of the acid-treated lm. Given the same dimensions and thicknesses of the two lms, we conclude that the acid treatment results in more ordered lms with higher crystallinity. This is the opposite as observed for PEDOT:Tos treated with HCl. 11 Thus, we obtained the X-ray diffraction pattern for each water evaporation step until matching the peak positions with the experimental 1D GIWAXS pattern, see Fig. SI14 . † Fig. 6a shows the calculated X-ray diffraction pattern of pristine and acid treated lms, with a solvent content of 0 and 30 w/w %, respectively, for which the best agreement with the experimental patterns is obtained. In order to extract the crystallite size along the p-p direction, L 020 , the Sherrer equation 40 is used for the experimental GIWAXS patterns,
where K z 0.93 is the shape factor and Dq p-p is the full width at half maximum of the (020) peak. To extract Dq p-p the le side of the (020) peak was tted to a Lorentz function, since its right side is associated with parasitic/background scattering, see Fig. 6a . The values of L 020 obtained for the pristine and acid treated lms are 20.5 and 22.1Å respectively, and they correspond to 5.9 and 6.3 chains packed along the p-p stacking. This is conrmed by the calculation of the radial distribution functions, g(r), corresponding to the distances between the planes of PEDOT chains in the MD simulations (Fig. 6b) . For pristine and acid treated lms the radial distribution g(r) exhibits 5 and 6 r/ r p-p peaks, respectively, that correspond to crystallites consisting of 6 and 7 chains. The MD snapshots that show the p-p crystallites formed in the pristine and acid treated lms are demonstrated in Fig. 6c and d. It is noteworthy that the p-p crystallite sizes captured in the simulations are in good agreement with the calculated radial distribution functions and with the L 020 sizes obtained using the experimental GIWAXS patterns. Besides the good agreement between experiment and simulation regarding the (020) peak, the calculated diffraction patterns of the pristine and the acid treated lms align well with the (h00) peaks located at q z 0.45Å À1 and 0.90Å À1 . As discussed above, these peaks are related to the formation of a lamellar structure along the a-axis (h00 direction). This lamellar structure is well apparent in Fig. 6e and f for the pristine and acid treated PEDOT:OTf lms, respectively. The organization of the crystallites into lamellae is highlighted by dashed squares. According to these MD snapshots, two lamellae are separated by a lamellar d-spacing z 14Å, which corresponds well to the d-spacing that is calculated based on the (100) peak at q z 0.45Å À1 from the calculated and experimental diffraction patterns (Fig. 6a) . Moreover, the snapshots in Fig. 6e and f reveal a higher disorder in the bulk of the lm for the pristine lm rather than for the acid treated lm, consistent with the lower intensity of the (100) peaks that were recorded experimentally for the pristine lm. The simulated systems do not take into account the effect of the substrate and thus the calculated X-ray diffraction patterns exhibit less order in the alattice direction with lower intensities for the (h00) peak families. This feature of the effect of the substrate is very well known for similar semiconducting polymers. 11, 25 It is interesting to note that there is no observable shi in the diffraction peak between the HSO 4 À and the OTf anions since there is a van der Waals volume difference of 27% (Table SI1 †) . However, the projected radius for both minimal and maximal showed no signicant difference, which corresponds to the radius of the projected 2D circular area (Table SI1 †) . Therefore, a diffraction peak shi may not appear in the spectra. The theoretical simulations presented above are a good indication that the increase in the experimental electrical conductivity of the acidtreated PEDOT:OTf lms arises from an increase in crystallinity while still maintaining the p-p stacking.
Conclusion
Within this report, we have demonstrated the use of the oxidant species iron(III) triuoromethane sulfonate with the vapour phase polymerization of EDOT. The optimization of the polymerization was achieved by investigating the components of the oxidant solution including a copolymer and the Fe(OTf) 3 . The concentration of the oxidant, chemical nature of the solvent and polymerization conditions (temperature and time) were optimized to obtain an electrical conductivity as high as 3800 S cm À1 . Aer a post-treatment with H 2 SO 4 , the conductivity is further enhanced to 4500 S cm À1 . The electrical conductivity and optical transparency of the optimised PEDOT:OTf rivalled that of commercially transparent metal oxides with an acceptable electrochemical stability, thus suggesting their use as a transparent electrode in optoelectronic devices. XPS reveals that the acid treatment is accompanied by an increase in the oxidation level; which explains the positive effect on the conductivity as well as on the optical absorption in the visible region of the solar spectrum. The X-ray diffraction analysis supported by theoretical modelling indicates that the acid treatment with H 2 SO 4 does not disturb the p-p stacking between the PEDOT chains. Hence, the higher oxidation level calculated through XPS and a higher order of crystallinity obtained by the acid treatment are deemed responsible for the higher conductivity measurements.
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